The analysis of genome rearrangements provides a global view on the evolution of a set of related species. We present a new algorithm called EMRAE (efficient method to recover ancestral events) to reliably predict a wide-range of rearrangement events in the ancestry of a group of species. Using simulated data sets, we show that EMRAE achieves comparable sensitivity but significantly higher specificity when predicting evolutionary events relative to other tools to study genome rearrangements. We apply our approach to the synteny blocks of six mammalian genomes (human, chimpanzee, rhesus macaque, mouse, rat, and dog) and predict 1109 rearrangement events, including 831 inversions, 15 translocations, 237 transpositions, and 26 fusions/fissions. Studying the sequence features at the breakpoints of the primate rearrangement events, we demonstrate that they are not only enriched in segmental duplications (SDs), but that the enrichment of matching pairs of SDs is even stronger within the pairs of breakpoints associated with recovered events. We also show that pairs of L1 repeats are frequently associated with ancestral inversions across all studied lineages. Together, this substantiates the model that regions of high sequence identity have been associated with rearrangement events throughout the mammalian phylogeny.
The genomes of extant species can be viewed as patchworks of synteny blocks, or contiguous ancestral regions (CARs) (Ma et al. 2006) , with the ordering of blocks being the result of a series of rearrangement events in particular lineages. Such orderings have been used for several years to study phylogenetic relationships since they enable a whole-genome view on the history of a set of species (Sankoff et al. 1992; Hannenhalli et al. 1995; Cosner et al. 2000) . Specifically, a number of reconstruction algorithms have been developed seeking either a most parsimonious rearrangement scenario using different heuristics (Moret et al. 2001; Bourque and Pevzner 2002) or based on a maximum likelihood framework (Miklos 2003; Larget et al. 2005) . The application of these reconstruction algorithms to vertebrate genomes in particular has led to new insights into the evolution of these species Murphy et al. 2005) .
Phylogenetic reconstruction algorithms are typically evaluated based on three criteria: (1) their ability to recover the correct tree topology (Blanchette et al. 1999) , (2) the total number of rearrangements in the scenario recovered (Moret et al. 2001; Bourque and Pevzner 2002) , and (3) the quality of the ancestral reconstructions (Bourque et al. 2006; Froenicke et al. 2006; Ma et al. 2006; Rocchi et al. 2006 ). One of the major challenges faced by such algorithms is the nonuniqueness, for most realistic instances of the problem, of both the ancestral reconstructions and of the rearrangement scenarios (Bourque et al. 2006; Rocchi et al. 2006; Darling et al. 2008) . For this reason, we focus here on a different criterion: the accuracy of the rearrangements recovered. The rationale is that the analysis of these highly reliable rearrangement events is likely to bring new insights into our understanding of the evolutionary forces associated with such changes.
In a recent paper (Zhao and Bourque 2007) , we have developed an algorithm to trace back ancestral rearrangement events on a fixed phylogenetic tree. The approach relies on the identification of adjacencies shared by a significant fraction of the genomes in the phylogeny. The algorithm, called EMRAE (efficient method to recover ancestral events), was initially designed to recover reversals (or inversions) and transpositions and was restricted to uni-chromosomal genomes. In this study, we significantly extended this algorithm to study a wider range of rearrangement events (reversals, transpositions, translocations, fusions, and fissions) and, importantly, such that it is applicable to multichromosomal genomes. Using simulated data sets, we also compared EMRAE to MGR (Bourque and Pevzner 2002) , another tool to study genome rearrangement in multichromosomal genomes, and showed that EMRAE achieves comparable sensitivity but significantly higher specificity when predicting evolutionary events.
Finally, we applied our new approach to the synteny blocks of six mammalian genomes (human, chimpanzee, rhesus macaque, mouse, rat, and dog) to recover a set of highly reliable rearrangement events and to explore the underlying evolutionary mechanisms that drive such rearrangement events. Going beyond the fact that breakpoint regions are enriched in segmental duplications (SDs) (Bailey et al. 2004a,b) , we showed that there is an even stronger enrichment of pairs of SDs in the pairs of breakpoint regions associated with primate rearrangement events. Similarly, we also showed that pairs of L1 repeats are frequently associated with inversion events across all studied lineages. This substantiates that intra-genome homologous regions have been linked to rearrangement events throughout the mammalian phylogeny.
Results

EMRAE: An algorithm to predict ancestral rearrangement events
We present the general concepts behind our approach to recover ancestral rearrangement events on a fixed phylogeny using a simple example. Assume that T is a phylogenetic tree with six extant genomes and assume further that A and B are two ancestral nodes on this tree and that we want to infer ancestral events on the edge e = (A, B) of T (see Fig. 1 ). Note that the removal of e from T partitions the extant genomes into two subsets, S A and S B , which contain three genomes each. Assume that A has two chromosomes with only four blocks each (Chr1 = 1 2 3 4 and Chr2 = 5 6 7 8), and that the only rearrangement event on e is a translocation that exchanges the segment 3 4 in Chr1 with the segment 7 8 in Chr2. This translocation will transform A into B, where B is Chr1 = 1 2 7 8 and Chr2 = 5 6 3 4. Define an ''adjacency'' a(c i , c i + 1 ) as an ordered pair of integers c i c i + 1 or its inverse Àc i + 1 À c i found in a given genome. By comparing the adjacencies of A and B, we observe that the translocation changes two adjacencies in A, a 1 = a(2, 3) and a 2 = a(6, 7), and leads to two new adjacencies in B, b 1 = a(2, 7) and b 2 = a(6, 3), while the other adjacencies in A are left unchanged. If a 1 and a 2 are not disrupted further on the paths from A to the genomes in S A and on the paths from B to the genomes in S B , then a 1 and a 2 will be found in every genome of S A , and neither of them will be found in a genome of S B . We call the adjacencies a 1 and a 2 the ''conserved adjacencies'' of S A . Similarly, b 1 and b 2 are the conserved adjacencies of S B . Finally, we call the conserved adjacencies of S A and S B the conserved adjacencies of the edge e.
The concept of conserved adjacencies is important because in contrast to the adjacencies of A and B, the adjacencies of the extant genomes in S A and S B are observable, and thus conserved adjacencies can be directly computed. Moreover, under a parsimony assumption, different types of ancestral rearrangements (reversals, transpositions, translocations, fusions, and fissions) will leave distinctive signatures in the conserved adjacencies, and it will be possible to trace back events that have occurred (see Methods). For instance, in the example above, because of the specific structure of the conserved adjacencies a 1 , a 2 , b 1 , and b 2 , it will be possible to recover the precise translocation that occurred on the edge e. The algorithm EMRAE implements these basic principles along with several additional rules to provide sufficient flexibility to detect rearrangements even when the same breakpoints are reused in a limited number of genomes (see Methods).
EMRAE is implemented in Java, and its application to the two mammalian genome data sets described below took only 38 and 7 sec on a PC with a 2-GHz CPU and 2 GB of RAM. The source code and our detailed predictions are available online at http:// www.gis.a-star.edu.sg/;bourque.
Performance of EMRAE on simulated data sets
We now describe experiments performed on simulated data sets involving multichromosomal genomes to evaluate the ability of EMRAE to recover reversals, transpositions, translocations, fusions, and fissions and to compare it to other tools used to study genome rearrangements. In contrast to the work done in Zhao and Bourque (2007) , the sensitivity and accuracy of the predictions will only be compared to MGR (Bourque and Pevzner 2002) because GRAPPA (Moret et al. 2001 ) is only applicable to uni-chromosomal genomes. We experimented with two rearrangement models:
1. Reversals and translocations (Rev+Tloc model). In this model, both types of events are assumed to be equally likely. 2. Reversals, transpositions, translocations, and fusions/fissions (All events model). In this model, the events are randomly selected according to the ratios 10:2:2:0.1. These ratios were empirically estimated from the mammalian genome data set that is presented below (see Methods).
For both rearrangement models, we generated simulated instances using a phylogenetic tree with seven genomes, 100 ancestral blocks, and various evolutionary rates (see Methods). The average sensitivity (percentage of correct events that are predicted) and specificity (percentage of predicted events that are correct) for EMRAE and MGR are reported in Figure 2 . We observe that EMRAE achieves high specificity without compromising the sensitivity in the prediction of ancestral events. For instance, when the average number of events per edge is five and for the rearrangement model with reversals and translocations only, both EMRAE and MGR recover a significant proportion of the actual events (;45%), but the specificity of these predictions is much higher with EMRAE (85%) as compared to MGR (44%).
To test the robustness of EMRAE in predicting events, we also evaluated the approach using more balanced rearrangement ratios in the All event models (see Supplemental Fig. 1 ). Overall, we found that EMRAE consistently achieved comparable sensitivity and higher specificity as compared to MGR. . Sensitivity and specificity of EMRAE and MGR in predicting rearrangement events based on simulated data sets using two rearrangement models: Rev+Tloc (reversals and translocations) and All events (reversals, transpositions, translocations, and fusions/fissions). The x-axis corresponds to the evolutionary rate as defined by the average number of events simulated on each edge of the tree. nb, number.
Recovering genome rearrangements in the mammalian phylogeny
For the main analysis, we selected six mammalian genomes with high-quality assemblies: human, chimpanzee (chimp), rhesus macaque (rhesus), mouse, rat, and dog. Using an approach previously described (Ma et al. 2006) , we constructed a set of contiguous ancestral regions (CARs) for these genomes at two different levels of resolution: 10 kb and 50 kb (see Methods). Regions falling between CARs are called ''breakpoint regions.'' At the 10-kb resolution, 3356 synteny blocks were identified, and these blocks covered 90.1% of the human genome. At the 50-kb resolution, 1360 blocks were identified for a total coverage of 91.9%.
We applied EMRAE to both the 10-kb and the 50-kb data sets (see Table 1 ). At the 10-kb resolution, we recovered 1109 ancestral events including 831 reversals, 15 translocations, 237 transpositions, and 26 fusions/fissions (see Fig. 3 ). The majority of these predicted events were reversals (74.9%), followed by transpositions (21.4%) and with only a limited number of interchromosomal events (3.7%). We found that the proportion of conserved adjacencies that are successfully associated to events (i.e., used) by the prediction algorithm is relatively high (46% ;79%; see Table 1 ). This indicates that EMRAE recovers a significant portion of the ancestral events. Figure 4A shows the localization of the reversals recovered on the path from the primate-rodent ancestor to the human. These reversals are human-chimp-rhesus (HCR) specific, human-chimp (HC) specific, or human specific, and we call them ''primate reversals'' in the following for simplicity. Most of these reversals flipped interstitial regions of the chromosomes with only two HCspecific reversals flipping the centromeres of Chr3 and Chr11. Figure 4B illustrates in more detail another HC-specific reversal together with the UCSC Net tracks (Kent et al. 2002) in that region. From the Net tracks, it is easy to see that in rhesus, mouse, rat, and dog, the synteny block 398 is in opposite orientation to its flanking blocks 397 and 399. This implies that the corresponding region was reversed in the human-chimp lineage. Interestingly, one of the exons of the transcript AK126351 is embedded in the inverted segment, suggesting a human-chimp innovation. See Supplemental Table 1 for a full listing of genes overlapping the boundaries of reversal events.
Finally, Figure 4C shows the size distribution of the inverted and transposed segments on the leaf edges of the mammalian phylogeny. We observed in particular that, even though we detect 1, 4, 7, 7, 2, and 2 large reversals (>500 kb) in the human, chimp, rhesus, mouse, rat, and dog lineages, respectively, the vast majority of the reversals detected (between 44% and 80%) are <50 kb in size. We note that the length of the inverted and transposed fragments is estimated based on the current We report the number of conserved adjacencies (Cons Adj); the proportion of the adjacencies successfully used by EMRAE to infer events (Used Adj); the number of predicted reversals, translocations, transpositions, fusions, and fissions; and the total number of events on each edge. The conserved adjacencies on a given edge are the conserved adjacencies in the two sets of genomes partitioned by that particular edge. HC are human-chimp-specific events, HCR are human-chimp-rhesus specific, and MR are mouse-rat specific. The last column is the percentage of the predicted events (excluding transpositions) that are also found in the MGR scenario.
arrangement of blocks in the extant genomes (see Supplemental Material).
Robustness and comparison with other reconstruction methods
It is expected that the resolution cutoff will have an impact on the construction of the synteny blocks, and we wanted to evaluate how these changes affected the predictions of EMRAE. As seen in the previous section, many of the predicted events involve segments of moderate size (see Fig. 4C ), and thus it is not surprising that the total number of events predicted using the 50-kb resolution is lower than the one at 10 kb (454 vs. 1109; see Table 1 ). On the human lineage, for instance, although EMRAE predicted 12 reversals at the 10-kb resolution, only two were found in the 50-kb data set. We note, however, that out of the 10 predicted reversals missing from the 50-kb data set, nine are shorter than 50 kb, and one is ;60 kb. Overall, we find that most of the 50-kb events (85.5%) are matching events predicted in the 10-kb data set (see Supplemental Fig. 2 ). This high overlap confirms that the EMRAE approach is robust to changes in the parameters used to construct synteny blocks. Next, we were interested in comparing the predictions of EMRAE to the predictions of MGR (Bourque and Pevzner 2002) on the same data sets. Applying MGR to the 10-kb and 50-kb data sets leads to the recovery of evolutionary scenarios with 2352 and 1104 events, respectively. Because MGR does not model transpositions, we will only focus on the predictions of EMRAE for other types of events. As expected from our simulations, we find that the majority of the predictions of EMRAE are included in the MGR scenario for both data sets (96.8% for 10 kb and 92.5% for 50 kb; see Supplemental Fig. 3 ) with the major difference being that in the case of EMRAE, these highly reliable events are not mixed with more ambiguous events as with MGR. We also note that, at the 10 -kb resolution, 28 of the predictions by EMRAE are not recovered by MGR. This shows that one set of predictions is not simply the subset of the other.
Finally, because primate genomes have similar karyotypes, large-scale primate-specific rearrangement events have been studied extensively in the past. For instance, a recent genomewide comparison between human and chimp revealed nine centromeric reversals (Newman et al. 2005) . We found that of these nine reversals, four are now also predicted by EMRAE (see Supplemental Table 2 ). This sensitivity level is comparable to the one expected from our simulations (see Fig. 2 ).
Sequence features associated with mammalian breakpoints and rearrangement events
It is well known that primate-specific breakpoint regions are significantly enriched in segmental duplications (SDs) defined as regions within the same genome that are at least 1 kb and 90% homologous (Samonte and Eichler 2002; Bailey et al. 2004a) . It is also believed that SDs might be one of the driving forces that trigger rearrangement events (for review, see Bailey and Eichler 2006) . Having for the first time access to an extensive list of highquality primate-specific rearrangement events, we wanted to explore further the prevalence of this association.
We started by performing a test to measure the enrichment of SDs in the breakpoint regions identified in the present study. On the human lineage there are 157 conserved adjacencies (see Table 1 ), and 74 of these correspond to adjacencies observed in human and not in any other genome. Using these human-specific breakpoint regions, we showed with simulations that they are significantly enriched in SDs (P-value < 0.001; see Fig. 5A and Methods). Indeed, we observed that 93.2% of the human-specific breakpoint regions (69 out of 74) contain SDs, a property found in only ;60% of size-matched random regions. We further studied the relationship between SDs and breakpoints by looking for the presence of homologous matching pairs of SDs within the same set of human-specific breakpoints. Interestingly, we observed 100 pairs of regions with matching pairs of SDs instead of an average of 25 pairs observed in the random simulated data sets (see Fig. 5B and Methods). This shows that the human-specific breakpoint regions are not only enriched in SDs, but that the enrichment in matching pairs of SDs is even stronger.
Next, we were also interested in testing the association between SDs and the reversals predicted by EMRAE. Specifically, we wanted to assess whether predicted reversals were preferentially associated with supporting pairs of SDs. Although such pairing had been observed previously in a limited number of cases (Kehrer-Sawatzki and Cooper 2008) , the prevalence of this phenomenon has not been fully explored. Studying the 12 predicted human-specific reversals, we found that seven of them (58%) are supported by pairs of SDs, while randomly selecting 12 pairs of comparable breakpoint regions would lead to, at most, two random reversals with SD support (see Fig. 5C and Methods).
Extending these analyses to the list of predicted primate reversals, we find that the enrichment is retained with 34 of the 118 (28.9%) primate reversals having SD support (see Fig. 6A and Methods). Interestingly, we also found that the average percent identity of the SDs that are associated with reversals correlates to the relative age of these events (see Fig. 6B ). This, combined with the strong enrichment of SD support in the predicted reversals, substantiates the link between SDs and rearrangements events.
Mammalian reversal events are enriched in pairs of L1 repeats
The previous analyses were restricted to primate-specific events; we extended this work by performing a BLAST search between all Figure 3 . Genome rearrangement events predicted by EMRAE in the mammalian phylogeny of six species (human, chimpanzee, rhesus macaque, mouse, rat, and dog) at a 10-kb resolution. The four numbers on each edge represent the number of predicted reversals, translocations, transpositions, and fusions/fissions, respectively.
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Cold Spring Harbor Laboratory Press on October 18, 2017 -Published by genome.cshlp.org Downloaded from pairs of breakpoints associated with predicted mammalian reversals (see Methods). We found that, similarly to the primate-specific events that are supported by pairs of SDs, many events in other mammalian lineages are also associated with regions of high sequence identity (see Supplemental Fig. 4 ). More specifically, we found that 58.3%, 29.4%, 24.4%, 42,7%, 47.4%, and 20.6% of the human, chimp, rhesus, rat, mouse, and dog reversals are supported by regions with BLAST scores greater than 1000.
To identify the source of this homology, we restricted our analysis to the 550 reversals with breakpoints defined within 100 kb and assessed the overlap between the regions of high sequence identity and repeats. For primate reversals, this mostly excluded reversals already supported by SDs (see Supplemental Table 3 ). We annotated each reversal to a particular repeat family when the overlap between the homologous segment identified and a repeat instance was >50% and compared the results to matched simulated data sets (see Fig. 7 and Methods). Interestingly, we found an overrepresentation of L1 repeats across all lineages and in particular in the mouse and rat lineages, where pairs of L1 repeats are found in the breakpoints of 81.5% and 65.3% of the reversals.
Discussion
We presented a new method to infer partial rearrangement scenarios on a given phylogenetic tree that is applicable to both uni-and multichromosomal genomes. In contrast to previous approaches (Moret et al. 2001; Bourque and Pevzner 2002; Ma et al. 2006) , we focused on the quality of the rearrangements recovered with the rationale that downstream analyses from these predicted events would improve our understanding of underlying evolutionary mechanisms that are shaping genomes at a global scale. Using simulated data sets, we confirmed that our algorithm, called EMRAE, successfully achieved high specificity without compromising sensitivity in the prediction of ancestral events. In the current implementation, the evolutionary events that we considered were reversals, translocations, transpositions, and fusions/fissions. But this list could easily be extended to take into account other types of events, for instance the ''double-cut and join'' (DCJ) operation (Yancopoulos et al. 2005) , since only the inference rules defined on the list of conserved adjacencies would need to be adjusted.
As a first application, we used EMRAE on a set of six mammalian genomes with good quality assemblies (human, chimpanzee, rhesus macaque, mouse, rat, and dog). We traced back over a thousand ancestral rearrangement events, identified several genes that are likely to have been affected by these events (see Fig. 4B and Supplemental Table 1), and demonstrated the robustness of the approach for different choices of input parameters. We note that the highest number of predicted events was on the rat edge, a phenomenon observed previously that might be the consequence of regions of problematic assembly or of a higher rate of rearrangements in that lineage (Bourque et al. 2004) . Overall, for this data set, the vast majority of predicted events were reversals and transpositions of moderate size (see Fig. 4C ) with very few predicted translocations (15 in the 10-kb and 12 in the 50-kb data sets; see Table 1 ). But, because EMRAE only recovers partial scenarios with a preference for events in regions of limited breakpoint reuse, it is also possible that some types of events are harder to recover than others. This suggests that either interchromosomal events are relatively rare or that translocations are more likely to be associated with secondary events than reversals and transpositions.
Studying the sequence features of breakpoint regions, we showed that segmental duplications (SDs) were not only enriched Figure 4 . Localization on the human genome of the primate reversals and length distribution of the predicted rearrangement events. (A) Reversals recovered on the path from the primate-rodent ancestor to the human. These reversals are human-chimp-rhesus (HCR) specific, human-chimp (HC) specific, or human specific. Some reversals are displayed at different heights if they are too close (e.g., the three small regions in Chr13). (B, highlighted in pink) Example of an HC-specific reversal recovered by EMRAE. The reversal is shown on human chromosome 2 along with the UCSC net tracks for the other genomes. Synteny block (or CARs) 398 has opposite orientation in rhesus, mouse, rat, and dog as compared to human and chimp. (C ) Length distribution of the reversed and of the transposed regions for the events predicted for the extant genomes.
in evolutionary breakpoints, but that pairs of SDs were associated with many primate rearrangement events. The fact that the age of these supporting pairs of SDs matched the timing of their associated events (see Fig. 6B ) substantiates a direct link between these regions and the rearrangement themselves. Extending the analysis by performing BLAST searches between pairs of breakpoints at the edge of mammalian reversals revealed that a large fraction of the predicted events contained pairs of L1 repeats (see Fig. 7 ). This is consistent but significantly broadens an observation made in two recent studies that L1 repeats are enriched in regions of structural variation in the human genome (Korbel et al. 2007; Kim et al. 2008) . Although Alu repeats are very common in the primate breakpoints and have been linked to structural variation (Bailey et al. 2003) , we did not observe pairs of Alu to be overrepresented in breakpoints associated with primate reversals. This could be because we are focusing on the best BLAST alignment for each pair of regions.
Improving our understanding of the evolutionary forces driving large-scale rearrangement events has been a promise only partially fulfilled by previous phylogenetic reconstruction analyses. We have now shown that focusing on ancestral events can provide new insights into the sequence features associated with these global changes. Ultimately, we should be able to use this knowledge to also feed back into the design of more accurate rearrangement models and scenarios.
Methods EMRAE for multichromosomal genomes
A chromosome X can be represented by a signed permutation c 1 c 2 . . . c n , where each integer c i corresponds to a synteny block or a contiguous ancestral region. The sign of c i represents its orientation. We view the chromosome c 1 c 2 . . . c n the same as its reverse Àc n Àc nÀ1 . . . Àc 2 Àc 1 . Our main methodological contribution is an extension of EMRAE (Zhao and Bourque 2007 ) that makes it applicable to multichromosomal genomes and allows recovery of a wider range of rearrangement events, specifically, reversals, translocations, transpositions, and fusions/fissions. These rearrangements are defined as follows:
• A ''reversal'' r(i, j), where i # j, transforms X into c 1 c 2 . . . Àc j Àc j À 1 . . . Àc i + 1 Àc i c j + 1 . . . c n by inverting both the order of c i c i + 1 . . . c j À 1 c j and the sign of each gene.
• A ''translocation'' tloc(i, j, X, Y) acts on two chromosomes X = X 1 X 2 and Y = Y 1 Y 2 , where
exchanges X 1 and Y 1 and leads to two new chromosomes X9 and Y9, where X9 = Y 1 X 2 and Y9 = X 1 Y 2 or exchanges X 1 and ÀY 2 and leads to two new chromosomes X0 = ÀY 2 X 2 and Y0 = X 1 ÀY 1 .
• A ''transposition'' t(i, j, k) picks up a segment c i . . . c j of a chromosome and then reinserts it immediately after c k . If c k is on the same chromosome (k > j or k < i), then the transposition t(i, j, k) is intrachromosomal; otherwise, it is interchromosomal. • A ''fission'' breaks a chromosome X = X 1 X 2 and leads to two new ones, X 1 and X 2 (where X 1 and X 2 are nonempty segments). A ''fusion'' is the opposite of a fission: It connects two chromosomes X 1 and X 2 and leads to a new one, X 1 X 2 or X 1 À X 2 .
Predicting ancestral events
Given a set of genomes G and their phylogenetic tree T, the idea is that for each edge e = (A, B) on the tree T, we partition the genomes 
. If the genomes are uni-chromosomal, then we infer a transposition t(i, j, k) from A to B. Otherwise, suppose a 1 and a 2 appear in m genomes in S A ; then we infer a transposition t(i, j, k) if on at least m/2 of the genomes, the four genes of a 1 and a 2 are on the same chromosome, or if on at least m/2 of the genomes, the four genes of a 2 and a 3 are on the same chromosome. This condition is applicable to predict interchromosomal transpositions. It suggests that the transposed segment must be from the same chromosome and makes sure that we recover a true transposition.
• Fusion/fission. Suppose we have a = a(c i , c j ) in CA(e, A); if for each genome G k in S B , a is sign-compatible, then we infer a fission that breaks a = a(c i , c j ). A fusion from A to B can be viewed as a fission from B to A.
We note that for each event predicted by EMRAE, the method only identifies the adjacencies associated with this event. This implies, for instance, that if EMRAE recovers a reversal on a given edge e, it does not predict the precise content of the region that is flipped (see Supplemental Material and Supplemental Table 4 ).
Refinement step to identify events involving limited breakpoint reuse
If there is no breakpoint reuse, it will be straightforward to identify all the conserved adjacencies and to recover a rearrangement history using the inference rules described above. However, breakpoint reuse is common (Pevzner and Tesler 2003) , and when it occurs, the affected conserved adjacencies could be missing from the correct edges and slide to wrong places. For this reason, we have designed a refinement step (Zhao and Bourque 2007) to detect potentially sliding adjacencies and associate them to the correct edges. The simulations showed that this refinement step can partially recover such adjacencies and help to infer events that are associated with breakpoint reuse (Zhao and Bourque 2007) . We have now adapted this refinement step to also be applicable to multichromosomal genomes.
Simulated data sets
In our experiments, we generated a random rooted tree T and assigned a random number k to each edge, where k is in [1, 2*m] and the evolutionary rate m is the average number of events per edge of a tree T. In our simulations, the random trees have seven multichromosome genomes, each genome has 100 blocks, and we varied m from 2.5 to 10. We evolved the tree starting from the root by performing k random events to each edge until we get the block orders of all the leaf genomes. In the process, we stored all the events that are performed and recorded the ''true'' evolutionary scenario. Finally, we removed the root and took the permutations of the leaf genomes and the tree topology as the input for EMRAE and MGR. For each choice of parameter m, we repeated the experiment 100 times and computed the average sensitivity and specificity of the two methods. For the Rev+Tloc model, we tested the ability of EMRAE and MGR to recover reversals and translocations only; in the All events model, we tested their performance in inferring reversals, transpositions, translocations, and fusions/fissions. Although MGR reconstructs trees and ancestral genomes, it does not directly provide a detailed rearrangement scenario as part of the output. As a surrogate, we used GRIMM (Tesler 2002) , which relies on the same set of operations, to produce a most parsimonious scenario on each edge of the trees recovered by MGR. Note that because transpositions are not directly considered in MGR, we used three consecutive reversals to mimic intrachromosomal transpositions as in Zhao and Bourque (2007) . Similarly, we used two consecutive translocations to mimic interchromosomal transpositions (see Supplemental Material).
To estimate biologically realistic ratios in the All events model, we looked at the number of events predicted between six pairs of genomes in the mammalian data set at the 10-kb resolution. These pairs of genomes were selected to cover all the branches of the tree, and the results are shown in Supplemental Table 5 . These results substantiate that in the mammalian data set, reversals are overrepresented and fusions/fissions are underrepresented. Based on this, we have used ratios 10:2:2:0.1 in the simulations when selecting randomly between reversals, transpositions, translocations, and fusions/fissions. Figure 7 . Overrepresentation of alignable pairs of L1 repeats in the breakpoints of mammalian reversals. In each lineage, the first bar represents the proportion of reversals for which the best BLAST alignment overlaps a particular repeat family, and the second bar represents the proportion of reversals that is expected to overlap a particular repeat family based on size-matched random simulations. This analysis is restricted to the 550 reversals with breakpoints defined within 100 kb.
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Mammalian genome data set
The six mammalian genome assemblies used are human (UCSC build hg18), chimpanzee (panTro2), rhesus macaque (rheMac2), mouse (mm9), rat (rn4), and dog (canFam2). We used the program described in Ma et al. (2006) to construct the contiguous ancestral regions for these six genomes. Starting from the two-way ''nets'' (Kent et al. 2002; Schwartz et al. 2003 ) between human and the other genomes, we built the six-way shared orthologous blocks. Next, we discarded blocks smaller than a specific cutoff (either 10 kb or 50 kb) and merged consecutive orthologous blocks that had the same order and orientation in all the six genomes. For the breakpoint content analyses, we extended small breakpoint regions (<10 kb) by 10 kb on each side.
Enrichment of SDs and paired SDs in the breakpoint regions
To detect SDs, we used the UCSC human self-chains, which are BLASTZ alignments of the human genome to itself (Kent et al. 2002; Schwartz et al. 2003) . A chained alignment is allowed to have much larger gaps than traditional alignments. In our analysis, we use alignments larger than 1 kb, and we split the human chains into traditional alignments by removing gaps larger than 300 bp. See Supplemental Figure 5 for an example of splitting chains.
For the first analysis, we generated 1000 sets of random regions and counted the number of regions containing SDs. Here each set of random regions consisted of 74 regions having the same length distribution as the human-specific breakpoints. For the second analysis, we used the same random data sets and counted the number of pairs of SDs. Here a paired SD was a segment (>1 kb) in one random region that was aligned with a segment (>1 kb) in another region from the same random set. Finally, for the third analysis, we kept the first breakpoint region of each human-specific reversal intact, we generated 1000 random regions of the size of the second breakpoint region, and we calculated the number of these random pairs that were supported by a paired SD. Similar simulations were performed for the 118 primate reversals for which the corresponding breakpoints in human could be unambiguously identified (see Supplemental Material).
Pairwise BLAST analysis of breakpoint regions associated with predicted events
To analyze the homology between pairs of breakpoints associated with rearrangements in other mammalian lineages, we used BLAST (Altschul et al. 1990 ) since few of the self-chains of other genomes are available from the UCSC genome website. For each pair of breakpoints associated with a rearrangement, we recorded the best BLAST score under standard parameter settings. On each edge, we extracted the k reversals that had breakpoints defined within 100 kb (see Supplemental Table 3 ) and generated 1000 simulated data sets, where each set consisted of k pairs of size-matched random regions on the corresponding genome. Then, we used BLAST to identify the homologous regions between each pair of random regions and detect the possible pairs of repeats supporting them. Formally, a pair of breakpoint regions is said to be supported by a particular repeat if more than 50% of both homologous regions are covered by a repeat instance from the same family.
